Mitotic spindle positioning specifies the plane of cell division during anaphase. Spindle orientation and positioning is therefore critical to ensure symmetric division in mitosis and asymmetric division during development. The control of astral microtubule length plays an essential role in positioning the spindle. Here we show using gene knockout that the Kinesin-8 Kif18b controls microtubule length to center the mitotic spindle at metaphase. Using an integrated approach, we reveal that Kif18b is a highly processive plus end-directed motor that uses a C-terminal non-motor microtubule-binding region to accumulate at growing microtubule plus ends. This region is regulated by phosphorylation to spatially control Kif18b accumulation at plus ends and is essential for Kif18b-dependent spindle positioning and regulation of microtubule length. Finally, we demonstrate that Kif18b shortens microtubules by increasing the catastrophe rate of dynamic microtubules. Overall, our work reveals that Kif18b utilizes its motile properties to reach microtubule ends where it regulates astral microtubule length to ensure spindle centering.
Introduction
Spindle positioning and orientation is essential to ensure accurate chromosome partitioning and symmetrical cell division. Proper spindle placement is also particularly important during development and in stem-cell homeostasis, when cells divide asymmetrically to specify cell differentiation and generate daughter cells of different cell size and fate (Siller and Doe, 2009 ). The length and density of astral microtubules influence the position of the spindle by altering the interactions between astral microtubules and cortical force-generators (Kiyomitsu and Cheeseman, 2012; Samora et al., 2011; Garzon-Coral et al., 2016) . At the interphase to mitosis transition the microtubule cytoskeleton undergoes rapid remodeling. The increased dynamicity of microtubules allows the depolymerization of long interphase microtubules and subsequent assembly of dynamic spindle and astral microtubules that build and position the bipolar spindle (Belmont et al., 1990; Rusan et al., 2001) .
Kinesin-8 and Kinesin-13 motors regulate microtubule dynamics and length across eukaryotes. However, the microtubule depolymerization mechanism of Kinesin-8 motors appears to differ across species. In budding yeast, Kip3 walks along microtubules and depolymerizes them (Gupta et al., 2006; Su et al., 2011; Varga et al., 2009 ), whereas Drosophila Klp67A localizes to kinetochores where it regulates spindle length (Savoian and Glover, 2010) . Whether human Kinesin-8 Kif18a motor is a depolymerizing enzyme, a processive motor that dampens microtubule plus end dynamics, or both remains under debate (Mayr et al., 2007; Stumpff et al., 2008) . A second human Kif18b , is reported to exhibit diffusion on the microtubule lattice using its C terminus and weak directed motility, which does not explain how it could target to or destabilise microtubule tips (Shin et al., 2015) . Kif18b has previously been implicated in the negative regulation of astral microtubule length and has a modest contribution to chromosome alignment (Stout et al., 2011; Tanenbaum et al., 2011; Walczak et al., 2016) . Kif18b requires EB1 for microtubule end accumulation but the EBbinding motifs in Kif18b are not sufficient for plus tip localization (Tanenbaum et al., 2011) . Additionally, Kif18b may precede EB1 at microtubule ends (Shin et al., 2015) , suggesting other mechanisms enable Kif18b targeting to microtubule ends. Whether Kif18b cooperates with the Kinesin-13 microtubule depolymerase MCAK or independently depolymerizes microtubule ends also remains under debate (Tanenbaum et al., 2011; Walczak et al., 2016) .
Here we combine cell biology, biochemistry, and single molecule reconstitution assays to define the molecular mechanisms that allow Kif18b to differentially target and accumulate at microtubule ends, where it plays an important role in regulating microtubule length and spindle positioning. We demonstrate that Kif18b tracks the growing ends of microtubules autonomously in vitro and reduces microtubule length by promoting microtubule catastrophe. We propose that Kif18b uses its motile properties to reach and accumulate at microtubule ends in a phospho-specific manner to selectively destabilize astral microtubules.
Results

Kif18b and MCAK are major mitotic motors negatively regulating microtubule length
Microtubule length regulation plays an important role in spindle assembly, geometry and positioning. Previous work has analyzed the consequences of depleting kinesins that regulate microtubule length in human cells, but with differing results, possibly due to variable efficiencies of protein depletion or off-target effects (Bakhoum et al., 2009; Manning et al., 2007; Mayr et al., 2007; Tanenbaum et al., 2009; Welburn and Cheeseman, 2012) . To identify kinesins that regulate microtubule length, we measured microtubule length in cells depleted for the Kinesin-13 members Kif2a, Kif2b, and Kif2c/MCAK and the Kinesin-8 members Kif18a and Kif18b using siRNA after Eg5 inhibitor treatment ( Fig S1A, B ). We found that both MCAK and Kif18b regulate microtubule length in mitotic cells, in agreement with previous reports (Fig S1C, D) (Stout et al., 2011; Tanenbaum et al., 2011; Walczak et al., 2016) . However, Kif2a, Kif2b and Kif18a depletion did not alter microtubule length. In addition, co-depletion of Kif18b and MCAK did not have an additive effect on microtubule length, suggesting they work in the same pathway to regulate astral microtubules ( Fig S1C, D) .
To define the effect of Kif18b in regulating microtubule length, we generated a stable HeLa cell line lacking Kif18b using CRISPR/Cas9-mediated gene targeting, indicating that Kif18b is not essential for viability of cultured HeLa cells (see Methods).
We found that Kif18b expression was eliminated from HeLa cells targeted by Cas9, while there was residual Kif18b protein upon RNAi depletion, which could mask the phenotype (Fig 1A) . We then observed the mitotic microtubule organization of the cell line lacking Kif18b. Similarly to cells depleted for Kif18b using RNAi, we observed a strong increase in the length of astral microtubules ( Fig 1B) (Stout et al., 2011; Tanenbaum et al., 2011; Walczak et al., 2016) . This was particularly apparent when Aurora kinases A and B were simultaneously inhibited. In the absence of Aurora kinase activity, microtubules in HeLa cells were almost completely depolymerized, while they remain over 6 µm in the cell line lacking Kif18b (Fig 1C, D) . This is consistent with the Aurora kinases negatively regulating Kif18b mediated microtubule destabilization (Tanenbaum et al., 2011) .
Kif18b ensures correct spindle positioning
To define the role of Kif18b-regulated astral microtubule length control on spindle assembly and positioning, we imaged mitotic cells using a previously described assay to examine spindle bipolarity establishment (Young et al., 2014) . Overall, spindle elongation dynamics and length were similar in control cells and Kif18b knockout (KO) cells, although we observed a significant delay in reaching the maximum spindle length when Kif18b was absent ( Fig 1E, F) . The spindles of HeLa cells became bipolar and remained centered and parallel to the imaging plane, with a spindle displacement rate of 0.19 µm/min (±0.13 µm) ( Fig 1G, H) . In contrast, we observed frequent spindle rotation outside of the imaging plane (greater than 30°) in cells lacking Kif18b ( Fig 1I) . Kif18b KO spindles displayed strong positioning defects, with spindles moving around the cell centre and proximally to the cell cortex (movie 1). Spindles had a random oscillatory-like trajectory moving on average at 0.50 µm/min (±0.18 µm) within the cell ( Fig 1G- Fig   S1E, F) . These results indicate that increasingly long astral microtubules cause spindle mispositioning and rocking, likely through additional interactions with force-generators at the cell cortex. At anaphase entry, the spindles of Kif18b KO cells were less centered than in control HeLa cells. During anaphase, the rate of spindle elongation and final spindle length for Kif18b KO cells were greater than for control HeLa cells, possibly because microtubules were longer ( Fig S2A, B) . In both Kif18b KO cells and control HeLa cells, the displacement of the spindle with respect to the centre of the cell decreased, resulting in the correction of spindle mispositioning (Fig S2A, C) . Previous work has shown that an anaphase-specific dynein-dependent pathway centers the spindle as cells progress to anaphase (Kiyomitsu and Cheeseman, 2013) . It is possible that the anaphase spindle positioning mechanism becomes essential when the length of microtubules increases, causing spindle mispositioning during metaphase. Taken together, our data indicate that Kif18b plays a role in reducing the length of astral microtubules to facilitate the correct positioning of the metaphase spindle.
Kif18b has a C-terminal microtubule-binding domain, whose affinity is controlled by phosphorylation
Kif18b localizes to microtubule ends (Tanenbaum et al., 2011; Walczak et al., 2016) . Although Kif18b requires EB1 to localize to microtubule ends, additional factors play a role in Kif18b plus end targeting (Stout et al., 2011; Tanenbaum et al., 2011) . To define the unique targeting properties of Kif18b, we generated multiple Kif18b constructs ( Fig 2A) . First we observed that the GFP N-terminal tagging of Kif18b led to chromosome targeting of Kif18b and prevented its physiological localization to astral microtubules Fig S1E) . This indicates that GFP at the N terminus of Kif18b may interfere with its motor properties. We then generated minimal Kif18b motor constructs lacking its C terminus with a C-terminal GFP. Kif18b-GFP displayed robust localization to microtubule plus ends ( Fig 2B) . In the absence of residues 591-852, the Kif18b motor only targets to spindle microtubules ( Fig 2B) . The kif18b motor only containing the dimerization domain targeted to spindle microtubules ( Fig 2B) . To test whether the C terminus of Kif18b was the main determinant in motor targeting, we swapped the tail domains of Kif18a and Kif18b. Despite highly conserved motor domains target to distinct cellular localizations, Kif18a targets to K-fibers and kinetochores, while Kif18b targets to microtubule plus ends ( Fig 2B, C) . We generated a chimeric kinesin consisting of the motor and neck-linker region of Kif18a fused to the C terminus of Kif18b. This Kif18a-Kif18b chimera robustly targeted to microtubule ends, particularly to astral microtubules during mitosis ( Fig 2C) . These experiments demonstrate that the C terminus of Kif18b determines the localization of the motor domain to microtubule ends and that the Kif18a motor domain can become a Kif18b-like motor when fused to the C terminus of Kif18b.
We next examined the role of the Kif18b C terminus Kif18b 591-852 in Kif18b targeting. Surprisingly, Kif18b 591-852 targeted to the spindle, rather than microtubule ends suggesting that this region contains a second microtubule-binding region. To test this, we generated a series of truncated constructs and found that the far C terminus, Kif18b 767-852 is sufficient to localize to spindle microtubules ( Fig 2D) . In addition, we found that recombinant Kif18b 767-852 binds to microtubules in vitro (Fig 2E) . The C terminus of Kif18b is strongly phosphorylated in human cells during mitosis ( Fig 2F) ( Dephoure et al., 2008) . To test whether phosphorylation regulates the microtubule binding properties of the Kif18b non-motor microtubule-binding domain, we generated a phosphomimetic mutant by substituting 8 residues within Kif18b 767-852 that are phosphorylated in vivo to aspartates ( Fig 2F) (Dephoure et al., 2008; Sharma et al., 2014) . This phosphomimetic Kif18b 767-852 domain did not bind to microtubules in vitro ( Fig 2E) , indicating that phosphorylation regulates the affinity of the Kif18b non-motor microtubule-binding domain for microtubules. Kif18b 767-852 contains additional serines and threonines, which could be phosphorylated, although they have not been identified so far. Taken together, the C terminus of Kif18b provides a second microtubule-binding domain to Kif18b that is regulated by phosphorylation.
The Kif18b C terminus is required for Kif18b accumulation at microtubule plus ends
Since Kif18b has a C-terminal non-motor microtubule-binding domain, we hypothesized it may regulate the microtubule-end targeting and functional properties of full-length Kif18b in vivo. To distinguish the contribution of the non-motor microtubulebinding domain and the EB-binding motifs to the plus end accumulation of Kif18b in vivo, we transfected Kif18b, Kif18bΔ SXIP, mutating the last two residues in the putative EBbinding motifs to NN, and Kif18bΔ C lacking the C-terminal microtubule-binding domain (767-852), into the Kif18b KO cells. Kif18b co-localized with EB1 at microtubule plus ends ( Fig 3A-C) . Kif18bΔ SXIP had strongly reduced plus tip localization. However, we could still observe weak plus tip targeting ( Fig 3A-C) as previously reported (Tanenbaum et al., 2011) . Kif18bΔ C was also strongly reduced at microtubule plus ends ( Fig 3A-C) , despite the presence of an upstream EB motif (Fig 2A) . Importantly, Kif18b SXIPmut2 , with mutations in just the C-terminal EB-binding motif ( 773 SXIP 776 ) still robustly localized to microtubule ends (Fig 2A, F, S3 ), indicating that the C-terminal microtubule-binding region and the EB-binding motifs play non-redundant targeting functions.
Since mitotic phosphorylation decreases the affinity of the Kif18b non-motor microtubule-binding domain for microtubules, we hypothesized that phosphorylated Kif18b would accumulate less at microtubule plus ends, whereas a nonphosphorylatable Kif18b mutant would be enriched. To test this, we generated nonphosphorylatable (Kif18 SA -GFP) and phosphomimetic (Kif18 SD -GFP) mutants for the 8 previously identified phosphorylated sites (Dephoure et al., 2008) . Kif18b SA displayed increased targeting to microtubule plus tips. In contrast, Kif18b SD showed severely reduced plus tip localization, indicating that mitotic phosphorylation of its C terminus controls its accumulation at microtubule ends ( Fig 3A-C) . Taken together, these results indicate that Kif18b utilizes both its C-terminal microtubule-binding domain and the EBbinding motifs to accumulate at microtubule plus ends. Phosphorylation of the C terminus of Kif18b reduces its plus-end accumulation, which could control its spatial distribution of Kif18b during mitosis.
The C terminus of Kif18b is a requirement for spindle positioning
Next, we sought to test whether the C terminus of Kif18b was necessary for its ability to shorten microtubules and center the spindle in Kif18b KO cells. Kif18b is negatively regulated by Aurora kinases. Upon Aurora kinase small molecule inhibition, Kif18b depolymerizes microtubules (Tanenbaum et al., 2011) . In our Hela Kif18b KO cell line, microtubules remain long in the presence of Aurora kinase inhibitor ( Fig 1C, D) . Kif18b and Kif18b SA transfection restored the control of microtubule length, with shortened and depolymerized microtubules, as observed in HeLa cells (Fig 3D, E) . In contrast, the ability of Kif18b SD and Kif18bΔ C to depolymerize microtubules was modest, suggesting the non-motor microtubule-binding domain of Kif18b plays a role in microtubule depolymerization. Kif18bΔ SXIP displayed an intermediate ability to depolymerize microtubules, consistent with its weak localization to plus ends ( Fig 3E) . Finally, we tested whether the non-motor microtubule-binding domain of Kif18b was important for the ability of the kinesin to control spindle positioning. Kif18b restored correct spindle centering cells lacking Kif18b (Fig 3F, G) . However, the ability of Kif18b SD to center the spindle was strongly reduced, consistent with the fact that Kif18b SD did not rescue proper microtubule length. These results indicate the presence of the Kif18b non-motor microtubule-binding domain is important for microtubule length regulation and spindle positioning. Phosphorylation of the second microtubule-binding domain of Kif18b reduces Kif18b accumulation at microtubule ends to prevent microtubule depolymerization.
Kif18b is a processive plus end directed motor
The precise activity of Kif18b and how it reaches microtubule ends to shorten them remain unclear. To determine whether Kif18b acts as a bona fide microtubule depolymerase at microtubule ends, we expressed and purified Kif18b-GFP from insect cells ( Fig S4A) . We immobilized GMPCPP-stabilized microtubules on coverslips that had surface-adsorbed anti-tubulin antibodies at low density. Microtubules alone remained stable over time. In the presence of 50 nM MCAK, microtubules rapidly depolymerized at the rate 0.2 μm/min. In contrast, in the presence of Kif18b, the microtubules remained stable (Fig 4A, B ). This indicates that Kif18b does not use the same mechanism as MCAK and Kip3 to depolymerize microtubules (Gardner et al., 2011; Su et al., 2011) . To analyze the motile properties of Kif18b, we imaged Kif18b-GFP on stabilized microtubules using a single molecule TIRF microscopy-based assay. We observed Kif18b to move processively towards the plus ends of microtubules for long distances with an average speed of 349 ± 7 nm/s (mean +/-SE, Fig 4C, D) . Kif18b could travel over distances longer than 7 μm (Fig S4B, C) , with the run length limited by the length of the microtubule. As Kif18b-GFP reached the plus end of microtubules, it dwelled at the plus tip of microtubules for a significant amount of time (Fig 4E, F) . Thus Kif18b recognizes the end of stabilized microtubules in vitro independently of EB proteins.
These data indicate Kif18b is a fast and processive plus end-directed motor that targets and accumulates at the ends of microtubules in vitro.
Given Kif18b accumulates at microtubule ends in vivo using its non-motor microtubule-binding region, we hypothesized the non-motor region may be important for this targeting property in vitro. To test the role of the non-motor microtubule-binding domain on the motility and microtubule-end targeting of full-length Kif18b, we purified Kif18bΔ C -GFP lacking the last 75 amino acids. Overall, the velocity of Kif18bΔ C was similar to that of Kif18b (Fig 4C, D) and the motor remained highly processive ( Fig S4) .
However, there was a remarkable reduction in its dwell time at the tips. More than half of Kif18bΔ C delocalized from the plus end of microtubules within 8.5 s, in contrast to Kif18b (22.8 s) ( Fig 4F) . This indicates that the C-terminal non-motor microtubule-binding of Kif18b plays a role in the tethering of Kif18b, independently of EB1, once Kif18b reaches the microtubule end.
Kif18b promotes microtubule catastrophe
Kif18b does not depolymerize stabilized microtubules unlike Kinesin-13 motors.
To determine whether Kif18b regulates dynamic microtubules, we analyzed microtubule dynamic parameters and the length of dynamic microtubules in the presence and absence of Kif18b. First we observed that Kif18b walks processively to the ends of dynamic microtubules (Fig 5A) . Kif18b then tracks the growing ends of microtubules.
The microtubule growth rate and catastrophe rate increase with increasing amounts of Kif18b (Fig 5B, C) . Inversely, the length of dynamic microtubule extensions decreased with increasing concentrations of Kif18b (Fig 5D, E) . On average, extensions in the presence of tubulin alone were 1.7±0.1 µm long, while in the presence of 100nM Kif18b extensions were significantly shortened to 1.4±0.1 µm (mean+/-sem). Overall these results indicate that Kif18b reduces microtubule length by increasing the catastrophe rate of dynamic microtubules. In total, our data demonstrate that Kif18b uses its motile properties to promote remodeling of the cytoskeleton during mitosis, and positioning of the metaphase spindle. Kif18b is a processive plus end-directed motor, that uses its Cterminal microtubule-binding domain to accumulate at microtubule ends, where it promotes microtubule catastrophe and hence depolymerization. Mitotic phosphorylation of the C-terminal microtubule-binding domain provides a mechanism to spatially regulate the accumulation of Kif18b to microtubule ends, and to shorten sub-cellular populations of microtubules to ensure spindle positioning.
Discussion
Microtubule depolymerization is an essential process in eukaryotes to ensure microtubules remodeling and facilitate microtubule-based processes. Kinesin-13 and Kinesin-8 are the major motor families responsible for stimulating microtubule depolymerization. While the mechanisms by which kinesin-13 motors destabilize microtubule ends is well established, the mechanism by which Kinesin-8 motors reduce microtubule length is more controversial and differs between members across species.
Recent work proposed that Kif18b is a poorly processive motor which uses diffusion to reach microtubule ends, suggesting Kif18b tracks microtubule plus ends through a bind and release mechanism, similarly to other plus tip tracking proteins (Akhmanova and Steinmetz, 2008; Shin et al., 2015) . We believe that a N-terminal GFP label may inhibit the motile properties of Kif18b, leading to its diffusive behavior (Shin et al., 2015) .
Indeed, our data show that Kif18b is a highly processive motor that walks to the plus ends of microtubules and negatively regulates dynamic microtubules by promoting catastrophe. The single molecule behavior of Kif18b, with high processivity and dwells at microtubule tips, is similar to the Kinesin-8s Kif18a and yeast Kip3, although Kif18b is faster (Stumpff et al., 2011; Su et al., 2011) . However, its action at microtubule tips is distinct. Unlike Kif18a and Kip3, Kif18b does not appear to depolymerize stable microtubules or increase pausing (Mayr et al., 2007; Su et al., 2007; Locke et al., 2017) .
Additionally whilst Kif18a appears to dampen microtubule dynamics Kif18b achieves a reduction in microtubule length through an increase in microtubule dynamics, principally the catastrophe rate (Stumpff et al., 2011) .
Kif18b uses a C-terminal non-motor microtubule-binding domain to recognize and accumulate at microtubule ends in vitro, similarly to multiple other kinesins, reviewed in (Welburn, 2013) . These nucleotide-insensitive microtubule-binding regions play important roles in specifying the unique functions and targeting of kinesins. Interestingly, the C terminus of Kif18b does not have any effect on run length and processivity of the motor, instead affecting its microtubule tip targeting in vivo by reducing its ability to remain bound once it has reached microtubule tips. This domain is not conserved in sequence and appears to bind electrostatically to microtubules using its positively charged residues (pI=11.5). Given its long run length and its speed in vitro, Kif18b may walk along microtubules in vivo, until it reaches microtubule ends. Single molecule imaging of Kif18b in vivo measured that Kif18b moves processively on microtubules at a rate of 635 nm/s, which would allow it to reach the end of a polymerizing microtubule (Tanenbaum et al., 2014) . We here show that in vitro Kif18b can track growing ends autonomously. In vivo Kif18b appears to use a dual plus end-targeting mechanism through microtubule end tethering and EB-binding, to robustly localize to the growing microtubule tip ( Fig 5F) . Endogenous Kif18b is enriched specifically at the ends of astral microtubules and is excluded from microtubules in the vicinity of chromosomes and centrosomes (Stout et al., 2011; Tanenbaum et al., 2011) . Aurora kinases and Plk1 localize specifically to chromosomes and centrosomes during mitosis, thereby creating a spatial phosphorylation gradient for substrates (Liu et al., 2009; Ye et al., 2015) . We propose that phosphorylation of the non-motor microtubule-binding domain of Kif18b by spatially-restricted mitotic kinases could exclude or at least reduce Kif18b from dwelling at the tips of microtubules in these regions. As Kif18b walks on microtubules away from the kinase activity gradient, it becomes dephosphorylated by cytoplasmic phosphatases.
This dephosphorylation allows Kif18b to dwell at microtubule tips for longer, leading to subcellular accumulation of Kif18b at the plus tips of astral microtubules. In this manner, microtubule plus end localised Kif18b will be able to selectively destabilize these microtubules helping to ensure correct spindle positioning. (Fig 5F) . In vitro, Kif18b 767-851 is not an Aurora kinase substrate (data not shown). Future work should determine which mitotic kinases phosphorylate Kif18b (Dephoure et al., 2008) .
Our study also sheds light on the mechanism by which Kif18b destabilizes microtubules. Our data suggest Kif18b does not destabilize microtubules to the extent of MCAK. However, Kif18b regulates microtubule plus end dynamics negatively by promoting catastrophe, resulting in a net reduction in the length of microtubules ( Fig 5) .
Because Kif18b also modestly increases microtubule growth rate, microtubules are not completely depolymerized, unlike in the presence of MCAK. Rather microtubules have a tighter length distribution ( Fig 5D) . The processivity of Kif18b plays an important role ensuring the motor reaches microtubule ends to regulate them, similarly to Kip3 (Su et al., 2011; Varga et al., 2006; Varga et al., 2009) . Kif18b is nuclear in interphase.
Therefore its access to microtubules at mitotic onset and its spatial regulation contribute to the increase in microtubule dynamics and reduction of remodeling of the cytoskeleton in mitosis. In agreement with previous reports our data suggest MCAK and Kif18b may work in the same pathway to destabilize microtubules (Tanenbaum et al., 2011; Walczak et al., 2016) . Future work should determine the mechanism by which Kif18b and MCAK cooperate using their distinct mechanisms to regulate microtubules during mitosis.
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Figure legend
CRISPR Cas9 knockout
The Kif18b guide RNA CACCCACGCTGCAAGTAGTGGTAC was designed against the Kif18b 5' exon using http://crispr.mit.edu. We transfected mCherry-Streptococcus pyogenes Cas9 and the plasmid pX330 containing a single guide RNA targeting the first exon of the Kif18b gene in HeLa cells. Double stranded DNA breaks are generated in the targeted exon such that repairs of these cuts can generate indels that disrupt the open reading frame and abolish protein synthesis (Cong et al., 2013) . We then selected the monoclonal cell lines that lacked Kif18b and verified the depletion was specific to Kif18b. After 48 hours, single cells were sorted into 96 well-plates. Clonal cell lines were screened by Western blot for Kif18b depletion.
Microscopy
For live-cell imaging, HeLa cells were transferred to Leibowitz L15 media (Life Technologies) supplemented with 10% FBS + penicillin/streptomycin (Gibco) and imaged in a 37°C using a DeltaVision core microscope (Applied Precision) equipped with a CoolSnap HQ2 CCD camera or with an EMCCD camera. For live-cell imaging, 4-10 zsections were acquired at 0.5-1 µm steps using a 60x or 100x objective lens. For fixed imaging, 10-20 z-sections were acquired at 0.2-0.5 µm. The cells were imaged every 3 min. The spindle elongation assay was performed as previously described (Young et al., 2014) . To visualize microtubules and the cell cortex, 20-100nM SiR dye (SpiroChrome) and 1:2000-1:40000 dilution of Cell Mask Orange (Thermo Fisher Scientific) were used for 3 h and 5 min, respectively. For immunofluorescence, cells were then washed in PBS and fixed by one of two methods, either fixed in methanol for 10 minute at -20°C and then permeabilised with cooled acetone for 1 minute at -20°C, or fixed in 3.8% 
TIRF microscopy
For experiments using stablised microtubule seeds silanised coverslips were prepared as in (Bechstedt et al., 2011) except that in place of treatment with Piranha solution coverslips were incubated overnight in 12% hydrochloric acid at 50°C. For experiments using dynamic microtubules, coverslips were prepared with a with a PEG-Biotin surface (Bieling et al., 2010) . Flow chambers were formed using double sided sticky tape, a silanised coverslip and a microscopy slide. Flow chambers were 7-8 µl in volume.
All experiments were carried out in BRB80 buffer (80 mM K.Pipes, 1 mM MgCl 2 , 1 mM EGTA, pH6.8). For single molecule assays anti-beta tubulin antibodies (T7816, Sigma Aldrich) at a 1:10 dilution were first introduced to the chamber. The surface was then blocked with 1% pluronic F-127 (Sigma Aldrich) and GMP-CPP (Jena Bioscience) stabilized 7% Rhodamine-labeled microtubules (Cytoskeleton) were then bound to the glass surface via the antibodies. The surface was then further blocked with 1 mg/ml casein (C7906, Sigma Aldrich). Assay buffer consisted of BRB80 with 1 mM ATP, 0.5 mg/ml casein and an oxygen scavenging system (0.2 mg/ml glucose oxidase, 0.035 mg/ml catalase, 4.5 mg/ml glucose, 140 mM β-mercaptoethanol). 2-10 nM of dimeric Kif18b-GFP-His or Kif18bΔ C -GFP-His in assay buffer was introduced to the flow chamber, the chamber was then sealed with nail varnish and imaged immediately at 37°C.
For dynamic microtubule experiments the surface was first blocked with 5% pluronic F-127 before introduction of 50 µg/ml NeutrAvidin (Invitrogen). The chamber was then washed with 1 mg/ml casein and 1% Tween-20 (SLS) before introduction of GMP-CPP stabilised microtubule seeds with 7% Hilyte 647 label (Cytoskeleton) and 7% Biotin label (Cytoskeleton). Microtubule seeds were allowed to bind to the surface before further blocking with 1 mg/ml casein and 1% Tween-20. Final assay buffer consisted of BRB80 with 1 mM ATP, 1mM GTP, 0.5 mg/ml casein, 0.5% Tween-20, 7μM tubulin (6% rhodamine-label) and an oxygen scavenging system. Up to 100nM of dimeric Kif18b-GFP-His in assay buffer was introduced to the flow chamber, the chamber was then sealed with nail varnish and imaged at 30°C.
Imaging was performed on a Zeiss Axio Observer Z1 TIRF microscope using a 100x NA1.46 objective and a Photometrics Evolve Delta EMCCD camera controlled by Zeiss Zen Blue software. Single molecule imaging was performed for up to 5 minutes at 2 fps.
For calculation of tip dwell times a frame rate of 1 fps was used. Depolymerisation assays were performed over 15 minutes at 4 fpm. Microtubule dynamics were imaged at 0.25 fps for up to 15 minutes. Kymographs were produced using Image J and run lengths and velocities of motors and microtubule growth rates were measured from these kymographs. Tip dwell times were calculated from 2-colour kymographs where a motor could be seen to reach an unoccupied microtubule tip. Catastrophe frequencies were calculated from the length of and number of catastrophes seen in individual kymographs. Microtubule extension lengths are averages over individual kymographs.
Normality was checked using an Anderson-Darling test, p<0.05 was used to reject the null hypothesis. A Kolmogorov-Smirnov test was used to compare data that was not normally distributed (Fig 5C, D) . Images were stored and vizualised using an OMERO.insight client (OME).
Statistics and reproducibility
Statistical analyses were performed using GraphPad Prism 6.0 or R software. No statistical method was used to predetermine sample size. No samples were excluded from the analyses. The investigators were not blinded to allocation during experiments and outcome assessment. All experiments were performed and quantified from at least three independent experiments, unless specified and the representative data are shown.
Data availability.
All data supporting the findings of this study are available from the corresponding author on request.
